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STUDY OF PHASE FORMATION
IN FE,0,-ND,0,—NDFEO,/FE,0, NANOCOMPOSITES
AS A RESULT OF THERMAL ANNEALING

The aim of this work is systematic study of the thermal annealing effect on the preparation of
nanostructured composites NdFeO,/Fe,O, with a spinel type structure. The interest in these nano-
composites is due to the enormous potentlal of their application as a basis for magnetic devices,
catalysts, and magnetic carriers for targeted drug delivery. As a synthesis method, two-stage syn-
thesis was used, which includes mechanochemical grinding of nanopowders Fe,O, and Nd,O, in a
planetary mill, followed by thermal annealing of the resulting mixture in a Wlde temperature range
600-1000°C. Durlng the studies carried out, it was found that in the initial state the obtained nano-
composites are a mixture of a solid solution of interstitial and substitutional Fe,O, and Nd,O,. At an
annealing temperature of 600°C, the onset of the formation of the NdFeO, phase lS observed which
at a temperature of 1000°C is fuIIy formed and dominates in the comp05|te structure (content more
than 85%). It was also found that during thermal sintering, the processes of phase transformations
of the Fe,0,-Nd,O,—»NdFeO./Fe,O, type are accompanied by an increase in the particle size by a
factor of 1.5-2.

Key words: spinel, Fe,O,-Nd,0,—NdFeO,/Fe,O,, nanocomposites, catalysts, thermal annealing,
phase formation.
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Fe,0,-Nd,0,—NdFeO,/Fe,O, HaHOkOMNO3UTTepiHAeri
TEPMMSIAbIK, BHACYAIH, HOTHXKECIHAE (hpa3aAblK, KYPbIAYAbI 3epTTey

BYA >KYMbBICTbIH MaKcaTbl — LIMNMHEeAb TUMTI KypbiAbiMbl 6ap NdFeO, / Fe,O, HaHO Kypbl-
AbIMAbI KOMIMO3UTTEPAI aAyFa TEPMMSIAbIK, OHAEYAIH ©CepiH >XyileAi Typae 3epTrey 60AbIn
TabblAaAbl. BYA HAHOKOMMO3UTTEPre AEreH Kbi3blFyLbIAbIK, OAAPAbl MAarHUTTIK KYPbIAFbIAQPAbIH,
KaTaAM3aTOPAAPAbIH, XX8HE ABpPi-ASPMEKTepAi MakcaTTbl TYPAE XXETKi3yre apHaAfaH MarHuUTTIK
TaCbIMAAAAFbILLTAPAbIH Heri3i peTiHAe KOAAQHYAbIH YAKEH aAeyeTiHe 6aiAaHbICTbl. ByA XXyMbICTbI
CMHTE3 SAICI peTiHAe eKi CaTbiAbl CMHTE3 KOAAAHbIAABI, OHbIH iwiHAe Fe,O, xoHe NdZO3 HaHO
YHTaKTapblH MAAHETapAbIK, AMiIDMEHAE MEXaHOXMMUSABIK YHTaKTay, COAQH KeMiH aAblHFaH KOCMaHbl
KeH TemrnepaTypaAblk, ananasoHbiHAA: 600 — 1000 °C — TepMUSIAbIK KYRAIPY ©TKi3iaai. XKyprisiareH
3epTTeyAep GapbicbiHAa 6acTankbl KylAe aAbiHFaH HaHo komnosutTep — Fe,O, xane Nd,O, eny
JKOHE aAMaCTbIPFbIL KaTTbl €PITIHAI KOcnacbl TypiHAEe 60AaTbiHbl aHbIKTaAAbl. JKoHe Ae eHaey
Temnepatypacbl 600 °C kesinae NdFeO, dasacbitbiH Ty3iAyiHiH 6acTaaybl 6aiikasbin, aa 1000 °C
Temrnepatypasa KOMMO3UTTIH KYPbIAbIMbIHAQ TOABIK, KAAbINTACAAbl )XOHE YCTEMAIK eTeTiHi (Kypambl
85 %-aaH xofapbl) Garkanabl. CoHaaii-ak, TepMUsAbIK KakTay kesiHae Fe,0,-Nd,O,—NdFeO,/
Fe,O, Tunri c.ba3.a/.\bn< TYPAEHY npouecTepi 6OAWEKTEPAIH OAIEMAEPIHIH 1,5 — 2 ece yAFalobIMeH
KaTap XYPEeTiHAIr aHbIKTaAAbI.

Tyitin cesaep: wnuHeab, Fe,0,-Nd,0,—NdFeO,/Fe,O,, HaHOKOMNO3WUTTEP, KaTaAM3aToOpPAap,
TEPMUSIABIK, BHAEY, (Da3aAbIK, KYPbIAY.
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M3yuenne ha3zoo6pa3oBaHus B HAHOKOMNO3UTAX
Fe,0,-Nd,0,—NdFeO,/Fe,O, B pe3yAbTaTe TEepMHMUECKOrO OTXKMIA

LleAblo AaHHOM paboTbl SIBASETCS CUCTEMATUYECKOE M3YUYeHWEe BAUSIHUSI TEPMMUECKOro OTXUra
Ha MOAyYeHMe HaHOCTPYKTYpHbIX Komrosutos NdFeO,/ Fe,O, co WwnMHeAbHOro Tuna CTPYKTYpOW.
MHTepec K AaHHbIM HAHOKOMMO3MTaM OOGYCAOBAEH OrPOMHbIM MOTEHLUMAAOM UX MPUMEHEHUS B
KaueCTBe OCHOBbI AASl MarHUTHbIX YCTPOWCTB M KaTaAM3aTOPOB, a TakXe M MarHUTHbIX HOCUTEAEN
AASl QAPECHONM AOCTaBKM Pa3AMUHbIX AEKAPCTB. B kauecTBe MeToaa cMHTE3a B paboTe MCMOAb30BAACS
ABYX3TarHblii CUHTE3, BKAIYUAIOWMIA B Ce6S MEXaHOXMMMUECKOe MepemMaAblBaHuMe HAHOMOPOLLIKOB
Fe,O, n Nd,O, B naaHeTapHOI MeAbHHLIE, AAAEE C MOCAEAYIOLLIMM TEPMUMUYECKIM OTXKMIOM MOAYYEHHOM
CMecu B LUIMPOKOM Amarna3oHe TemnepaTyp 600 — 1000 °C. B xoae npoBeAeHHbIX MCCAEAOBaHWIA
YCTAaHOBAEHO, UTO B UCXOAHOM COCTOSIHMM MOAYYEHHblE HAHOKOMIMO3UTbl MPEACTABASIOT COB0M CMeCh
TBEPAOrO pacTBopa BHeapeHus u 3amelleHns Fe,O, n Nd,O,. Npu Temnepatype omxura 600°C
HabAlopaeTcs Havyano chopmmposanme dasbl NdFeO,, koTopas npu Temnepatype 1000 °C sBasieTcs
MOAHOCTbIO CPOPMUPOBAHHON M AOMUHMPYET B CTPYKTYpe KOMMo3uTa (coaep>kaHune 6oaee 85 %).
Tak>xe yCTaHOBAEHO, YTO NPU TEPMUYECKOM CrieKaHnu, NpoLecchbl ha3oBbix npespaileHnii Tna Fe,O,-

Nd,O,—NdFeO,/Fe,O, conpoBoxAaI0TCs yBeAnUeHnem pasmepos yactuu B 1,5-2 pasa.
Kaouesble caoBa: wnuHeab, Fe,O,-Nd,O,—NdFeO,/Fe,O,, HaHOKOMNO3WTbI, KaTaAM3aTOPbI,

TEPMMYUECKMI OTKMr, (ha3oobpasoBaHue.

Introduction

One of the promising areas of research in mod-
ern materials science is the study of the kinetics of
phase transformations in nanostructured materials
under the influence of external factors [1-3]. Interest
in this area is due to the need to obtain new data on
the processes of phase formation in nanomaterials,
which have significant differences from bulk ana-
logs, and can also be accompanied not only by phase
transformations and changes in structural character-
istics, but also by significant changes in morpho-
logical parameters, consisting in a change in the
shape of nanoparticles. their density and porosity.
At the same time, in the case of nanostructured ma-
terials, in most cases, the formation of new phases
occurs under significantly different conditions from
similar massive samples [4,5]. This is primarily due
to small particle sizes, which lead to the fact that
a large number of structural metastable distortions
and deformations occur in the structure, which un-
der external factors can lead to an acceleration of
phase transformation processes. In this regard, the
study of such processes, as well as obtaining new
data on the dynamics of phase transformations, as
well as the possibility of obtaining nanocomposite
structures is of great interest not only from a funda-
mental point of view, but also of great potential in
industrial application [6-10].

Among the wide variety of magnetic nano-
structures, structures based on iron oxide doped
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with other magnetic components, such as nickel,
cobalt, or neodymium, are of particular interest
[11-15]. Interest in these types of structures is due
to their unique magnetic properties, which, as is
known, directly depend on the structural charac-
teristics, including the degree of ordering, and
phase composition. Also of interest are spinel-
type structures of the ABO, type, where A is the
magnetic component of the dopant and B is iron
[16-20]. Such structures have great potential for
application not only in biomedicine, as a basis
for magnetic resonance spectroscopy, targeted
drug delivery, but also in catalysis, purification
of aqueous media, magnetic sensors, etc. In this
case, the choice of neodymium as component A
in most cases plays an important role both in the
magnetic performance of nanoparticles and in the
increase in the adsorption capacity of nanocom-
posites, which are increasingly used as adsorbents
or as a basis for catalysts for the purification and
disposal of harmful compounds and heavy metals
from aqueous media. [21-25].

Summarizing all of the above, this study aimed
at studying the dynamics of phase transformations
in nanocomposites Fe,O,-Nd,O,—NdFeO,/Fe O,,
the ultimate goal of which is to obtain spinel-type
NdFeO, structures, is one of the topical trends in the
development of nanomaterials science, and the data
obtained on phase transformations and methods of
obtaining nanostructures NdFeO, can later be used
for semi-industrial applications.
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Experimental part

To obtain NdFeO,/Fe O, nanocomposites, a
two-stage synthesis technique was used, includ-
ing the mechanochemical mixing of two Fe O, and
Nd,O, powders in a planetary mill for 1 hour at a
grinding speed of 400 rpm. The grinding tempera-
ture mode did not exceed 50°C, in order to avoid the
initiation of phase transformation processes during
mixing. The second stage consisted in isochronous
thermal annealing of the resulting mixture in the
temperature range of 600-1000°C in the atmosphere
for 5 hours, followed by cooling together with the
furnace for 24 hours. After annealing, the resulting
nanocomposites were placed in plastic containers to
avoid oxidation and air degradation processes.

The assessment of morphological features was
carried out using scanning electron microscopy im-
plemented using scanning electron microscopy Jeol
7500F.

The dynamics of nanocomposites phase trans-
formations was studied on a D8 Advance ECO
powder diffractometer (Bruker). X-ray diffraction
patterns were recorded in the Bragg-Brentano ge-
ometry, in the angular range 26=20-80° with a step
of 0.03°, Cu-KA=1.54 A.

Results and discussion

Figure 1 shows the results of a study of the mor-
phological features of synthesized nanocomposites,
depending on the annealing temperature. As can be
seen from the presented SEM images of the initial
nanocomposites, after grinding, the structure of the
composites is represented by particles of various
irregular shapes, covered with a thin porous layer,
the presence of which is caused by the processes of
grinding and rubbing. In turn, annealing at a tem-
perature of 600°C leads to the formation of stuck
together fused agglomerates of particles, the size of
which varies from several hundred nanometers to
several microns. The agglomerates themselves con-
sist of particles, the size of which varies from 10 to
30 nm. Further annealing of the samples at a tem-
perature of 800°C leads to the formation of spheri-
cal or sphere-like particles, the size of which varies
from 20 to 50 nm. At a temperature of 1000°C, an
increase in particle sizes to 50-70 nm is observed,
with the formation of large dendritic-type clusters.
In this case, in contrast to the samples in the initial
state, the nanoparticles obtained at temperatures of
800°C and 1000°C have a denser structure, without
visible cracks or porous inclusions, which indicates

a high degree of structural ordering and an increase
in the strength properties of nanocomposites.

The assessment of structural changes, as well as
the dynamics of phase transformations as a result of
thermal annealing, was carried out using the method
of X-ray phase analysis, the results of which are
shown in Figure 2. The general view of the obtained
diffraction patterns indicates a polycrystalline struc-
ture of the synthesized structures, and the low inten-
sity of reflections and their broadened shape indicate
nanoscale dimensions of X-ray diffraction patterns.
At the same time, the general appearance of changes
in diffraction patterns depending on the annealing
temperature, characterized by the formation of new
reflexes, as well as a change in their shape and inten-
sity, indicates the process of phase transformations
as a result of annealing.

During analysis of the initial sample, it was
found that after mechanochemical grinding, accord-
ing to X-ray phase analysis, the structure of the ini-
tial composite is a mixture of two phases: cubic neo-
dymium oxide (Nd,O,) and a rhomboid phase of he-
matite (Fe,0,) in a content close to 1:1. At the same
time, the position and shape of diffraction reflexes
for both phases is characteristic of highly disordered
structures with a high content of an amorphous-like
fraction. This type of structure, characteristic of an
interstitial or substitutional solid solution, is most
likely for the selected synthesis conditions, and the
high content of the amorphous fraction is caused
by the grinding processes and partial destruction of
phases during the synthesis.

The most characteristic method for increasing
the crystallinity degree, as well as for the forma-
tion of spinel structures of the NdFeO, type, is the
method of thermal annealing, which makes it pos-
sible not only to increase the degree of structural
ordering, but also to initiate phase transformation
processes. Analysis of the obtained diffraction pat-
terns of samples under study annealed at a tempera-
ture of 600-1000°C showed that with an increase in
temperature, the main changes in the diffraction pat-
terns are associated with the appearance of new re-
flections at 20=24-26° and 20=33-36°, the intensity
of which increases with an increase in temperature.
At the same time, the main peak at 20=33-34° is
shifted and divided into two maxima characteristic
of the NdFeO, and Fe,O, phases. At an annealing
temperature of 600°C, the onset of the formation of
the NdFeO, phase with the partial displacement of
the Nd,O, phase is observed (see Figure 3). An in-
crease in the annealing temperature to 800°C leads
to the complete transformation of the Nd,O, phase
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into the NdFeO, phase, with the presence of the
Fe,O, phase, the content of which is no more than
25%. This transformation occurs due to the fact that
under the influence of temperature, an increase in
thermal vibrations of the lattice, as well as anneal-
ing of point defects, leads to the processes of the
incorporation of iron into the lattice sites of Nd,O,
with the subsequent formation of the orthorhombic
phase NdFeO, of the spatial system Pnma(62). The
complete formation of the NdFeO, phase occurs at a
temperature of 1000°C, with a small content of the
hematite phase (no more than 11%). As is known
from the literature [26,27], the hematite phase is re-

e 100 nm

e |00 nM

©)

sistant to annealing in the temperature range 600-
1000°C, which is characterized by the processes of
thermal annealing of point defects and vacancies. In
this range of annealing temperatures, the hematite
structure is ordered and becomes stable. In this case,
the NdFeO, phase in its structural formula is close to
the hematite phase, with only one difference, which
consists in the substitution of a neodymium atom
for an iron atom. Therefore, the observed structural
ordering, characterized not only by a change in the
shape of the diffraction lines, but also by a decrease
in amorphous inclusions, indicates the annealing of
defects and the formation of stable phases.

e 100 nm

e |00 NM

d)

Figure 1 — SEM images of the studied nanocomposites: a) Pristine sample; b) 600°C; ¢) 800°C; d) 1000°C
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Figure 2 — X-ray diffraction patterns of the studied nanocomposites depending on annealing temperature

Figure 3 shows the results of changes in the  to this diagram, it can be seen that the main pro-
phase diagram of nanocomposites calculated on  cess of phase transformations can be written as
the basis of the obtained X-ray data. According follows:

Fe,0,/Nd,0, —*< 5 Fe,0,/Nd, O, | NdFeO, —**< 5 NdFeO,(Fe,0,)

100+
—a— Fe203
e Nd203
75 —4— NdFeQ,
2
¢ 504
0]
®
L
o
254
0 T T T T T T T T T T T T T 1
Pristine 600 800 1000

Temperature, °C

Figure 3 — Dynamics of phase transformations
as a result of thermal annealing
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Structural parameters such as crystal lattice pa-
rameters, crystallite size, dislocation density and de-
gree of crystallinity were calculated on the basis of

Table 1 — Crystallographic data

the obtained X-ray diffraction patterns. The results
of these crystallographic characteristics are present-

ed in Table 1.

Parameter Phase Pristine 600°C 800°C 1000°C
Fe.O a=5.04646, a=5.02568, a=5.00498, a=4.99615,
273 c=13.78934 c=13.72175 c=13.65987 c=13.63564
Crystal lattice Nd,O, a=11.03509 a=10.99398 - -
parameter, A a=5.59723, a=5.57638, a=5.57638,
NdFeO, - b=7.740217, b=7.70840, b=7.68573,
c=5.43482 c=5.41883 ¢=5.40927
Crystallite size, nm 10.6+1.1 12.9+1.4 25.4+2.2 44.943.1
Dislocation density, 10 cm™ 8.89 6.01 1.55 0.49
Crystallinity degree, % 74.3 76.1 84.7 87.9

From the data presented in Table 1, it can be
seen that thermal annealing leads not only to the
processes of phase transformations, but also to the
ordering of the structure due to a decrease in dis-
location density, an increase in the size of crystal-
lites, as well as an increase in the crystallinity de-
gree, which indicates a decrease in amorphous and
disordered inclusions in the structure of annealed
composites.

Conclusion

The paper presents the results of the study of the
dynamics of phase transformations and changes in
the morphological and structural features of the syn-
thesized Fe,0,-Nd,0,—NdFeO,/Fe,O, nanocom-
posites as a result of thermal annealing. Scanning
electron microscopy and X-ray phase analysis were
used as methods for characterization. During experi-
ments carried out, it was found that the formation of
the NdFeO, phase begins at a temperature of 600°C,
followed by ordering and dominance at higher tem-
peratures. It has been determined that the formation

of the NdFeO, phase leads to an increase in the de-
gree of structural ordering, a decrease in amorphous
inclusions, and an increase in the grain size. Analy-
sis of the morphological features showed that an in-
crease in the annealing temperature leads not only
to an increase in the grain size with the formation
of large agglomerates of a dendritic structure, but
also to a significant ordering of the grains, which
indicates an increase in their density.

The obtained data on the dynamics of phase
transformations can be used further as a basis for
the development of a technology for the production
of magnetic nanocomposites on an industrial scale.
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